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This study investigated associations of street connectivity with body mass index (BMI), and whether
these associations varied by sex, age and socioeconomic position, amongst adults in Glasgow, Scotland.
Data on socio-demographic variables, height and weight were collected from 1062 participants in the
Greater Glasgow Health and Well-being Study, and linked with neighbourhood-level census and geo-
referenced data on area level deprivation and street connectivity. Results of multilevel models showed
that, after adjustment for individual level covariates, street connectivity was not signiﬁcantly
associated with either BMI or BMI category; nor were there any signiﬁcant interactions between age,
sex or socioeconomic position and street connectivity.
& 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
The current global epidemic of obesity is a consequence not
only of individual level biological and behavioural determinants,
but also of upscale environmental factors (World Health
Organization, 2000). Nonetheless, evidence on the most impor-
tant speciﬁc environmental determinants of obesity remains
limited and equivocal, with a particular paucity of data from
outside of the United States (US) (Feng et al., 2010; Sallis and
Glanz, 2009). Moreover, little is known about whether environ-
mental factors may be more potent drivers of obesity risk in some
population groups (such as different age, sex or socioeconomic
groups) than others.
Walking is the most popular form of physical activity
amongst adults in many developed countries (Eyler et al., 2003;
Sportscotland, 2008), and hence, neighbourhood factors that
support or limit walking comprise one set of environmental
characteristics that might be expected to make a key contribution
to obesity risk. Neighbourhood ‘walkability’ has been conceptua-
lised as a combination of factors related to characteristics such as
land use mix, proximity to destinations, intersection density and
residential density (Frank et al., 2006). There is good evidence
that adults who live in more walkable neighbourhoods are more
physically active than those living in less walkable neighbour-
hoods, and the links between the built environment, physical.
Y-NC-ND license.activity and public health are now well-recognised (Bauman and
Bull, 2007). However, while some studies have linked indices of
neighbourhood walkability with obesity, evidence remains mixed.
For example, a recent review by Feng et al. (2010) identiﬁed nine
studies that investigated walkability (based on aggregated
indicators) as a predictor of obesity. Two studies that assessed
walkability within an administratively-deﬁned buffer (e.g. post-
code) found a negative association with obesity risk. However, the
remaining studies that assessed walkability within an individua-
lised geographic buffer around residents’ homes demonstrated an
equal number of signiﬁcant and non-signiﬁcant associations with
obesity risk. None of the studies identiﬁed in that review assessed
walkability and obesity amongst adults outside of the US. The
authors of the review, and others (Lake and Townshend, 2006),
have identiﬁed the lack of evidence from outside of the US as
problematic, since associations of the built environment with
obesity may vary across countries. Findings from one study based
in North East England and published since the 2010 review
showed null associations between street connectivity and body
mass index (BMI), further underscoring the importance of addi-
tional investigation outside of the US (Burgoine et al., 2011).
Understanding which population groups might be most
vulnerable to the impact of environmental constraints related
to obesity is important for informing and targeting obesity-
prevention interventions, and has been highlighted as an
important research priority in more than 15 review papers
(e.g., Black and Macinko, 2008; Feng et al., 2010; Lachowycz
and Jones, 2011) discussed in a recent ‘review of reviews’ of
environments, physical activity and obesity (Ding and Gebel,
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neighbourhood characteristics such as walkability might pose
more potent inﬂuences on obesity risk for women, upon whom
the majority of responsibility for childrearing and domestic duties
falls, and who are thus less likely to participate in employment
outside the home (Prskawetz et al., 2006); women may hence
spend more time in their local neighbourhood. However, Frank
et al. (2004, 2008) found, to the contrary, that inverse associations
of neighbourhood walkability indices with BMI were more con-
sistent amongst (white) males than amongst females. The impact
of neighbourhood walkability on obesity risk may also vary
according to life stage amongst adults. For example, compared
with younger adults, older adults may have fewer time con-
straints and more opportunities to walk (for example, due to
retirement from full-time employment, or fewer commitments
related to raising young children), and hence their body weight
may be more susceptible to the effect of neighbourhood walk-
ability. To our knowledge, this hypothesis has not been explicitly
tested. Walkability may also be a stronger predictor of obesity
risk amongst persons of low socioeconomic position (SEP), who
are at increased risk of obesity (Ball and Crawford, 2005; McLaren,
2007). Compared with those of high SEP, persons of low SEP, or
those living in socioeconomically deprived neighbourhoods, may
be more reliant on local resources, for example, due to lack of car
access to move and access facilities outside of their immediate
neighbourhood. Only one study to date has investigated whether
walkability–obesity associations in adults vary according to SEP.
Lovasi et al. (2009) examined associations between several
indicators of walkability and BMI amongst more than 13,000
residents of New York City. Contrary to expectations, less con-
sistent associations were observed for those who were more
disadvantaged, or lived in more disadvantaged neighbourhoods.
The authors concluded that socioeconomically disadvantaged
residents of New York City may face additional barriers to weight
maintenance which may override the impact of poor walkability.
The present study aimed to contribute to the limited existing
literature on sex, age and individual- and area-level socioeco-
nomic moderators of the association of one indicator of neigh-
bourhood walkability—street connectivity—with BMI. Street
connectivity is important because it impacts the directness and
efﬁciency of travel, and the number of alternative walking routes,
which has implications for interest and safety (Oakes et al., 2007).
It was hypothesised that, amongst a sample of adults in Scotland’s
largest city, Glasgow, street connectivity would be inversely
associated with BMI and obesity risk, and that these associations
would be more pronounced amongst women, older adults, and
those of low SEP.2. Methods
2.1. Data
We used data from the Greater Glasgow Health Board (GGHB)
‘Health and Well-Being Survey’ (HWB 2002: Jones et al., 2003;
Macdonald et al., 2011). The HWB sample was stratiﬁed propor-
tionately by local authority and deprivation category (DEPCAT),
with addresses selected randomly. Individuals within households
were then selected to take part using the ‘ﬁrst birthday’ method.
Over two thirds (67%) of individuals contacted took part in the
study, involving face-to-face interviews with 1802 adults in the
GGHB in 2002, of whom 1149 respondents were located within
Glasgow city. During interviews, a structured survey was admi-
nistered to gather data on socio-demographic characteristics,
health and health behaviours. Data were weighted to ensure that
they were representative of the adult population in this area.In this paper excluding participants with missing data on BMI,
age, sex, SEP, or street connectivity left 1062 cases for analysis.
2.2. BMI
Height and weight were self-reported by participants and used
to calculate BMI (weight (kg)/height (m2)). BMI was considered as
both a continuous variable and as a categorical variable. Treating
BMI as a continuous variable provides increased sensitivity whilst
the categorical treatment allows for comparison between stan-
dard referent groups with public health application (i.e. WHO
categories). For the categorical response, BMI was grouped into
three categories: individuals with a BMI less than 25 kg/m2 were
grouped in the ‘not overweight/obese’ category (this category
included 39 individuals who were underweight, with BMI less
than 18.5 kg/m2), individuals with a BMI between 25 kg/m2 and
less than 30 kg/m2 were grouped in the overweight category and
those weighing 30 kg/m2 or more were grouped in the obese
category (World Health Organization, 1995).
Individual level moderators considered were gender, age
group (under 40 years, 40–59 years, or 60 years and over), and
SEP. It was desirable to choose a relatively low number of age
categories in order to explore the cross-level interaction effect
between age and street connectivity, since we would have
introduced additional parameters and potentially complex or
unstable patterns had more categories with smaller cell sizes
been adopted. The three age categories were chosen on the basis
of grouping participants broadly into young, middle-aged and
older adults, and to ensure a good spread across each of the
groups. SEP was based on a six category measure of occupation
(A—professional, director level; B—senior management, C1—
junior management, clerical, C2—skilled, D—unskilled, manual
labour; E—those reliant on the state, e.g. pensioners, long-term
unemployed) from which we constructed a three-category
measure (A/B/C1, C2, D/E).
2.3. Area deprivation
The GGHB survey contained information about the datazone
(DZ) of residence of each individual. DZs, formed from groups of
output areas for the 2001 Census, are the key small-area statis-
tical geography in Scotland (Scottish Executive, 2004). They are
nested within local government boundaries, and where possible
they have been deﬁned in such a way as to respect physical
boundaries and natural communities and contain households
with similar social characteristics. For each DZ, the publicly
available 2006 Scottish Index of Multiple Deprivation (SIMD)
was obtained. The SIMD is a continuous measure of compound
social and material deprivation, calculated using employment,
welfare beneﬁts, health, education, housing and similar data for
each DZ (Scottish Executive, 2006). The SIMD scores were
grouped into quintiles (Q1¼most afﬂuent, Q5¼most deprived).
After excluding missing data on the variables to be examined in
the present study, individuals in the GGHB survey were located in
198 DZs, representing 28.5% of the DZs within the city of Glasgow
local authority. The median number of individuals within a DZ is
5 and the number of individuals within a DZ ranged from 1 to 17.
2.4. Street connectivity
The indicator of street connectivity was developed using two
geo-referenced datasets (DZ boundaries and Ordnance Survey
Mastermap Network Layer), which have been linked and overlapped
applying GIS functionalities (ArcGIS 9.0.). Following Leslie et al.
(2007), the index developed for each DZ consisted of seven different
network connectivity measures: direction density, intersection
Table 1
Individual and neighbourhood (datazone) characteristics of 1062 participants
from 198 neighbourhoods.
Variable Mean (95% CI) or n (%)
Outcomes (n¼1062)
BMI (kg/m2) 24.99 (24.71, 25.26)
BMI category
Not overweight/obese (o25 kg/m2) 615 (57.9)
Overweight (25 kg/m2 to o30 kg/m2) 317 (29.8)
Obese (Z30 kg/m2) 130 (12.2)
Individual predictors (n¼1062)
Age group (years)
Under 40 387 (36.4)
40–59 272 (25.6)
60 and over 403 (37.9)
Gender
Female 645 (60.8)
Male 417 (39.3)
SEP
A, B, C1 357 (33.6)
C2 236 (22.2)
D, E 469 (44.2)
DZ level predictors (n¼198)
Street connectivity quartile
1 (lowest connectivity) 41 (20.7)
2 51 (25.8)
3 49 (24.7)
4 (highest connectivity) 57 (28.8)
SIMD quintile
1 (most afﬂuent) 32 (16.2)
2 47 (23.7)
3 (middling) 38 (19.2)
4 34 (17.2)
5 (most deprived) 47 (23.7)
CI, conﬁdence interval.
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density, length density, Beta Index and Eta Index. At each intersec-
tion, directions are deﬁned as possible choices of available routes.
Direction density is the total number of directions available at each
intersection divided by the area of the DZ. Intersection density for
3 or more directions of travel was calculated by dividing the total
number of intersections with three or more directions of travel by
the area of the DZ. Only intersections with three or more directions
of travel were taken into account in order to eliminate cul-de-sacs
and intersections with two directions of travel, since they imply no
choice of direction. Street density is the number of streets, deﬁned
as a unique link between two intersections, divided by the area of
the DZ. Length density is the total length of streets within each DZ
divided by the area of the DZ. Cul-de-sac density is the total number
of cul-de-sacs divided by the area of the DZ. Beta Index is the ratio
between the streets (links) and intersections (nodes); the Eta Index
is the average length per street (link). Intersection density, direction
density, street density, length density and Beta index are directly
related to network connectivity. An increase in one or more of these
measures leads to a corresponding increase in the connectivity
index. Cul-de-sac density and Eta index are inversely related to
street connectivity since they imply fewer choices of direction and
longer distances between intersections. These seven measures were
calculated for each DZ and then ranked into deciles, with a value of
1 assigned to DZs within the lowest decile of walkability and a value
of 10 assigned to those within the highest decile, except for cul-de-
sac density and Eta index for which the opposite applied. The
connectivity index was calculated as the sum of these seven scores,
assuming values of between 7 and 70. The street connectivity
measure was divided into quartiles for analysis.
2.5. Statistical analysis
Because the data were hierarchically structured, with indivi-
duals nested within DZs, multilevel modelling was adopted to
simultaneously estimate associations between DZ level and indi-
vidual level variables on BMI.
Linear multilevel modelling was carried out for the continuous
response variable BMI and multinomial multilevel modelling was
carried out to model BMI category, with parameter estimates
obtained using the restricted maximum likelihood (REML)
approach, an unbiased approach to estimating variances in multi-
level models (Snijders and Bosker, 1999).
Each of the predictor variables was tested independently in
multilevel models of BMI and BMI category to identify any
associations with either response variable. Likelihood ratio tests
were adopted to identify the best ﬁtting multivariable model for
BMI. Two-way interactions between gender and age group and
between street connectivity quartile and deprivation quintile
were considered in the model, as were cross-level interactions
between street connectivity quartile and gender, street connec-
tivity quartile and age group and street connectivity quartile and
SEP. Ninety-ﬁve percent conﬁdence intervals for the odds ratios
were obtained to assess the signiﬁcance of predictors in the
model of BMI category. Model assumptions were veriﬁed by
examining plots of the residuals. All analysis was conducted in
2011 using MLwiN version 2.22 (Rasbash et al., 2010).3. Results
Descriptive statistics are presented in Table 1. Table 2 shows
univariable predictor associations with BMI. In univariable
analysis, age group, SEP, street connectivity quartile and SIMD
quintile were found to be statistically signiﬁcantly associated
with BMI. Both the 40–59 years age group and the 60 and overage group had signiﬁcantly higher mean BMIs than the under 40
years age group, with the 40–59 years age group having the
highest estimated mean BMI and a signiﬁcantly higher mean BMI
than the 60 and over age group. Individuals within SEP category 3
(lowest) had a signiﬁcantly higher mean BMI than those in
category 1. Considering street connectivity, the only statistically
signiﬁcant difference in mean BMI was between street connectiv-
ity quartiles 3 and 4, with those living in quartile 4 area having a
lower estimated mean BMI than those in quartile 3. The only
statistically signiﬁcantly difference in mean BMI by area level
deprivation was found between quintiles 4 and 1, with a lower
estimated mean BMI for those living in quintile 1 (most afﬂuent).
Street connectivity was related to area deprivation, po0.001
from chi-square test of association, such that the two most
afﬂuent quintiles were in the most connected category (see
Table 3).
Examination of the odds ratios for BMI categories according to
street connectivity quartile, shown in Table 2, showed that
residents of the most connected quartile had lower odds of
overweight or obesity than those in the least connected quartile.
However, this difference was not statistically signiﬁcant. The data
were stratiﬁed by gender and separate models were ﬁtted to test
the association between street connectivity and BMI (both cate-
gorical and continuous) for males and females. No statistically
signiﬁcant associations were identiﬁed for either gender (data not
shown).
The multivariable models for BMI and BMI category are dis-
played in Table 4. There was no evidence of a signiﬁcant age group
and gender interaction effect on BMI (p¼0.23); street connectivity
quartile and gender interaction effect (p¼0.31); street connectivity
quartile and age group interaction effect (p¼0.81); street connec-
tivity and SEP interaction effect (p¼0.50), or of a street connectivity
quartile and small area deprivation interaction effect (p¼0.96).
Table 2
Results of univariable multilevel linear regression predicting BMI and multinomial multilevel regression correlates with BMI
category according to individual and neighbourhood characteristics (n¼1062).
Variable Outcome BMI Outcome BMI categorical Outcome BMI categorical
Estimated mean
(kg/m2)
Overweight vs. Not
overweight/obese
Obese vs. Not
overweight/obese
(95% CI) OR (95% CI) OR (95% CI)
Individual level predictors
Age
Under 40 24.01 (23.57, 24.47) 1.00 1.00
40–59 26.22 (25.69, 26.74) 1.74 (1.22, 2.47) 3.34 (2.08, 5.36)
60 and over 25.11 (24.64, 25.54) 1.85 (1.34, 2.54) 1.47 (0.89, 2.41)
Gender
Female 25.16 (24.82, 25.52) 1.00 1.00
Male 24.75 (24.31, 25.17) 1.36 (1.04, 1.79) 0.53 (0.35, 0.81)
SEP
A, B, C1 24.32 (23.85, 24.82) 1.00 1.00
C2 25.32 (24.72, 25.89) 1.67 (1.16, 2.39) 2.05 (1.17, 3.62)
D, E 25.35 (24.93, 25.81) 1.26 (0.92, 1.73) 2.64 (1.64, 4.24)
DZ level predictors
Street connectivity quartile
1 (lowest connectivity) 25.10 (24.46, 25.74) 1.00 1.00
2 24.97 (24.37, 25.54) 1.19 (0.80, 1.77) 1.06 (0.59, 1.89)
3 25.58 (25.03, 26.18) 1.04 (0.68, 1.57) 1.46 (0.83, 2.57)
4 (highest connectivity) 24.40 (23.83, 24.98) 0.69 (0.46, 1.05) 0.63 (0.34, 1.16)
SIMD quintile
1 (most afﬂuent) 23.92 (23.17, 24.65) 1.00 1.00
2 25.18 (24.59, 25.76) 1.34 (0.85, 2.14) 3.84 (1.56, 9.44)
3 (middling) 24.76 (24.12, 25.43) 1.53 (0.93, 2.50) 4.40 (1.75, 11.06)
4 25.66 (25.04, 26.30) 1.40 (0.86, 2.28) 6.11 (2.51, 14.88)
5 (most deprived) 25.15 (24.56, 25.76) 1.63 (1.02, 2.59) 4.91 (2.01, 11.99)
CI, conﬁdence interval; OR, odds ratio.
Table 3
Street connectivity quartile by SIMD quintile.
Street connectivity quartile SIMD quintile
1 (most afﬂuent) 2 3 (middling) 4 5 (most deprived)
1 (least connected) 35 (21.3%) 20 (7.8%) 60 (31.9%) 53 (25.5%) 64 (25.9%)
2 30 (18.3%) 45 (17.6%) 59 (31.4%) 77 (37.0%) 79 (32.0%)
3 46 (28.0%) 58 (22.7%) 45 (23.9%) 47 (22.6%) 59 (23.9%)
4 (most connected) 53 (32.3%) 132 (51.8%) 24 (12.8%) 31 (14.9%) 45 (18.2%)
Total 164 (100%) 255 (100%) 188 (100%) 208 (100%) 247 (100%)
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tion of an age by gender interaction, no interaction effects were
signiﬁcantly associated with BMI category.
Street connectivity quartile was not signiﬁcantly associated
with BMI in the multivariable model (p¼0.16). This was also the
case in the model for BMI category, where only age group, gender,
SEP and area level deprivation were found to be signiﬁcant
predictors, in addition to the interaction between age group and
gender. Given the strong association of area level deprivation
with BMI in the multivariable model, two additional multivari-
able models were considered: one excluding area deprivation and
one excluding street connectivity, to examine associations of
other predictors with BMI when these two variables were not
considered concurrently. The results for both of these models
remained essentially unchanged from those presented in Table 4.
Finally, models were re-run with the BMI outcome variable
recoded to compare those in the underweight or healthy weight
categories, with those overweight or obese; and also excluding
those underweight altogether. Results showed little difference to
those presented in Table 4.4. Discussion
While previous studies have focused on associations of built
environmental factors such as street connectivity or walkability
with obesity risk (e.g., Feng et al., 2010; Papas et al., 2007),
evidence from outside of the US is limited, and little is known
about whether these associations are the same across different
population groups. Results of the present study showed, ﬁrstly,
that neighbourhood street connectivity was not signiﬁcantly
associated with adults’ BMI after adjusting for key individual
level characteristics. While not the ﬁrst UK-based study to
show null associations between street connectivity and obesity
(e.g., Burgoine et al., 2011), ﬁndings are at odds with ﬁndings
of a number of previous studies that have examined associa-
tions of obesity with markers of walkability deﬁned using
administratively-deﬁned buffer zones (e.g., Doyle et al., 2006;
Spence et al., 2008), as was the approach used here. There are
several possible explanations for these discrepant ﬁndings.
Firstly, they may be attributable to different deﬁnitions of
neighbourhood. In the present study, datazones were utilised as
Table 4
Multilevel multivariable regression models of BMI and BMI category (n¼1062).
Variable Outcome BMI Outcome BMI categorical Outcome BMI categorical
Model 1 Model 2 Model 2
Adjusted mean
(kg/m2)
Overweight vs.
not overweight/obese
Obese vs. not
overweight/obese
(95% CI) Adjusted OR (95% CI) Adjusted OR (95% CI)
Individual level predictors
Age
Under 40 24.09 (23.62, 24.53) 1.00 1.00
40–59 26.15 (25.63, 26.68) 1.59 (0.97, 2.60) 2.62 (1.53, 4.49)
60 and over 25.06 (24.64, 25.51) 1.89 (1.24, 2.89) 0.88 (0.50, 1.56)
Gender
Female 25.16 (24.83, 25.51) 1.00 1.00
Male 24.72 (24.29, 25.15) 1.44 (0.89, 2.34) 0.18 (0.05, 0.60)
SEP
A, B, C1 24.58 (24.09, 25.62) 1.00 1.00
C2 25.25 (24.68, 25.83) 1.30 (0.89, 1.91) 1.73 (0.95, 3.15)
D, E 25.18 (24.76, 25.59) 1.06 (0.75, 1.51) 1.96 (1.16, 3.30)
DZ level predictors
Street connectivity quartile
1 (lowest connectivity) 25.08 (24.50, 25.68) 1.00 1.00
2 24.85 (24.33, 25.35) 1.10 (0.75, 1.63) 1.04 (0.60, 1.78)
3 25.52 (24.97, 26.05) 1.01 (0.67, 1.53) 1.36 (0.80, 2.32)
4 (highest connectivity) 24.59 (24.04, 25.12) 0.74 (0.48, 1.15) 0.76 (0.41, 1.39)
SIMD quintile
1 (most afﬂuent) 24.24 (23.49, 24.91) 1.00 1.00
2 25.52 (24.99, 26.14) 1.32 (0.80, 2.20) 3.80 (1.50, 9.59)
3 (middling) 24.62 (23.98, 25.25) 1.41 (0.84, 2.35) 3.29 (1.27, 8.52)
4 25.41 (24.82, 26.04) 1.18 (0.71, 1.96) 3.92 (1.55, 9.91)
5 (most deprived) 24.87 (24.31, 25.46) 1.48 (0.90, 2.43) 3.11 (1.22, 7.93)
Interactions
Age & Gender Interaction
Under 40 Female – 1.00 1.00
40–59 Male – 0.99 (0.48, 2.02) 2.69 (0.68, 10.72)
60 and over Male – 0.84 (0.44, 1.59) 5.84 (1.45, 23.49)
CI, conﬁdence interval; OR, odds ratio.
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postal codes. Both the latter represent much larger areas than
datazones, which typically have populations of only 500–1000
residents. However, it is plausible that walking might often take
place within and around one’s home and the immediate local
environment. Therefore, should differences in associations
between walkability indices and obesity be dependent on neigh-
bourhood deﬁnition, one might expect stronger associations
where neighbourhoods were deﬁned at a smaller, rather than a
larger scale. The results across these studies, however, show the
reverse pattern. Further, others have reported (though based on
unpublished data) that associations between neighbourhood
walkability and BMI observed in the US appear to be robust to
changes in the geospatial characteristics/deﬁnition of ‘neighbour-
hoods’ used (Rundle et al., 2008), although these analyses were
based on data from New York City, and whether this holds in
other areas remains to be established.
An alternative explanation for the lack of signiﬁcant associations
of street connectivity with obesity in the current study is that these
associations may not hold outside of the US. A similar picture has
been portrayed by studies which have investigated neighbourhood
inﬂuences on dietary behaviours (Cummins and Macintyre, 2006).
Speculatively, US residents may be particularly susceptible to
neighbourhood contextual determinants of health, and/or the
culturally-mediated response to environmental features may vary
in the US to that in other countries (Lovasi et al., 2009; Macintyre,
2007). Alternatively, macro-level processes operating in the US (for
instance, related to planning regulations addressing the impact of
socioeconomic or racial residential segregation) may lead to differ-
ent environmental conditions and residential experiences compared
with other developed nations, such as the UK (Cummins andMacintyre, 2006). In comparison to most US cities, our study area
constitutes one fairly compact Scottish city. Residents may therefore
be more exposed than those in many US cities to environmental
factors from outside of the city that might contribute to inﬂuencing
their obesity-related behaviours, which would dilute any associa-
tions between Glasgow-based neighbourhood measures and obe-
sity. Alternatively, previous studies reporting inverse associations of
neighbourhood walkability with obesity may have been hindered by
the effects of endogeneity, or structural confounding—that is, the
fact that different individuals self-select where they live, or are
differentially constrained in their choice of residential neighbour-
hood. Such neighbourhood selection can lead to spurious associa-
tions between built environmental factors and obesity if the
observed variations in obesity reﬂect unmeasured preferences for
or constraints on both neighbourhood selection and on obesity-
related behaviours (Feng et al., 2010). Results of a recent US study in
the Twin Cities (McDonald et al., 2012), in which the authors sought
to address this issue using a matched sample design, support this
hypothesis, showing null associations of neighbourhood walkability
(population density by block size) with obesity. The present study
design did not adopt this approach, but future studies using stronger
methods such as matched samples or longitudinal designs to reduce
the risk of structural confounding are warranted. In the present
study, the robustness of ﬁndings across models including and
excluding area level deprivation; and employing various categorisa-
tions of the outcome variable, suggest that the null ﬁndings are not
merely an artefact of the operationalisation of our model or outcome
variable.
While the focus of the present study was on street connectivity,
the ﬁndings related to area level deprivation (SIMD) deserve
comment. With area level deprivation considered, the associations
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deprivation, however, remained positively associated with obesity
in the multivariable regression model. Area deprivation was asso-
ciated with connectivity, with more afﬂuent areas showing higher
levels of connectivity. Glasgow’s housing strategy during the 1950s
was such that large, public sector-rented peripheral estates in
deprived areas were dominated by low-rise tenemental ﬂats and
more recent terraced and semi-detached houses (Mason et al.,
2011), with wide streets and cul de sacs common. Such a design
would plausibly lead to low levels of street connectivity, which
could contribute to the associations of SIMD with connectivity
observed here.
This study is one of the ﬁrst to examine whether walkability–
BMI associations in adults are consistent across gender, age, and
socioeconomic groups. Limited previous evidence suggests that
neighbourhood walkability–obesity effects may be stronger in
men than women (Frank et al., 2008), and in those of high SEP
than low SEP (Lovasi et al., 2009). To our knowledge, no previous
study has speciﬁcally examined the impact of age on the associa-
tion of walkability with obesity. In the present study, we found
little support for the notion that neighbourhood street connectiv-
ity was differentially associated with obesity according to gender,
age or SEP. Several studies have suggested that other
neighbourhood-level features are stronger predictors of body
weight in women than in men (King et al., 2005; Robert and
Reither, 2004), but these did not assess walkability indicators
speciﬁcally. It may be that street connectivity is simply not a key
driver of obesity rates amongst adults in Glasgow, and this is
uniform across population groups. As Minster (2010) has noted,
ﬁndings from the USA cannot be transferred directly to European
cities. One recent study (Joshu et al., 2008) examined whether
another aspect of urban form—urban sprawl—was associated
with obesity, and also whether these associations varied accord-
ing to perceived neighbourhood (e.g. hills, heavy trafﬁc) or
personal (e.g. tiredness, lack of time) barriers. This study found
that the association of urban sprawl with BMI was greater
amongst those reporting more personal barriers than those
perceiving fewer barriers. In the present study, moderation of
connectivity–obesity associations was only examined in terms of
socio-demographic factors. Further research is warranted in order
to establish how other neighbourhood characteristics such as
residents’ views of how attractive and safe their neighbourhood is
might interact not only with socio-demographic factors, but also
with other personal factors (such as cognitions or behaviours), to
predict obesity. In addition, other intrapersonal and social factors
not assessed in this study, such as diet, sedentary behaviours,
social support for healthy behaviours or social norms related to
walking, driving/car use or body weight, could potentially have a
stronger impact on body weight, and would be important to
consider alongside environmental variables in future studies.
A limitation of our study is that it had a cross-sectional design
from which no causal inferences or sense of temporal inﬂuences
can be determined. Only one domain of walkability—street
connectivity—was investigated in the present study. Moreover,
other neighbourhood characteristics supporting physical activity or
healthy eating are likely to be important inﬂuences on energy
balance and risk of obesity, and were not investigated or adjusted
for. A further limitation is that height and weight measures were
based on self-report. However, self-reported height and weight are
routinely used in surveys and we do not know of any evidence to
suggest systematic biases in underreporting by street connectivity
which would affect our analysis. It may also be the case that other
markers of obesity show stronger associations with street connec-
tivity. For example, central adiposity as indicated by waist circum-
ference or waist-hip ratio may be more sensitive to the impact of
walking or running than BMI, given the confounding inﬂuence ofmuscle mass on the latter. Studies testing this hypotheses are scarce
and results inconclusive (e.g., Li et al., 2009), suggesting a need for
future research incorporating additional obesity-related outcomes.
Strengths of the study included the use of objectively-assessed
environmental characteristics; and the examination of moderation
effects of street connectivity–obesity associations using rigorous
multilevel modelling techniques.
In conclusion, the present ﬁndings provide little evidence to
support the hypothesis that street connectivity is associated with
adult BMI in Glasgow, or to suggest that obesity levels among
certain population subgroups are disproportionately affected by
neighbourhood street connectivity. However, caution is war-
ranted before suggesting that UK municipal planners and other
practitioners or policymakers rule out the importance of street
connectivity for weight-related outcomes, given the study limita-
tions and alternative explanations for ﬁndings described above.
Understanding how different individuals interact with other
elements of their environments, and how this might inﬂuence
their obesity risk remains a key priority for future research and
will inform the development of interventions through establish-
ing which types of environmental interventions are warranted
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